Objective: To assess whether changes in platelet indices, detectable by simple complete blood count (CBC), during pregnancy could be used as markers for prediction of development of preeclampsia (PE). Methods: A total of 2813 pregnant women who received regular antenatal care until delivery were included. Participants were divided into 3 groups: normotensive pregnant women (n = 2621), women with PE without severe features (n = 169), and women with PE with severe features (n = 23). Blood samples were collected during antenatal visits and/or during the period of in-patient hospital stay, and changes in platelet indices were compared among the three groups. Results: Platelet count (PC) was decreasing while mean platelet volume (MPV) and platelet distribution width (PDW) were increasing as PE progressed. Receiver operating characteristics (ROC) curve analysis showed that PDW had the largest area under curve (AUC) [0.980 (95% CI: 0.964 -1.000)], making it the best marker for predicting development of PE. Also, PDW showed the most statistically significant correlation with mean arterial pressure (MAP) (r = 0.902, p = 0.000), making it the best marker for predicting severity of hypertension. Conclusion: This study provides evidence that PC decreases while MPV and PDW increase as pregnancy advances, and these changes are more pronounced in PE than normotensive pregnancy. These changes predate development of PE by 2 -8 weeks and are proportional to the progress of this disorder. The selected platelet indices, especially PDW, have the potential to be utilized as markers for not only prediction of PE development but also severity of hypertension.
Introduction
Preeclampsia (PE) is a pregnancy-specific multisystem disorder characterized by abnormal vascular response to placentation which is associated with increased systemic vascular resistance, enhanced platelet aggregation, activation of the coagulation system, and endothelial cell dysfunction with resultant reduced organ perfusion [1] [2]. Despite extensive research, the cause of PE remains elusive [3] .
Current criteria for a diagnosis of PE require the presence of de novo hypertension (blood pressure of ≥140/90 mmHg), with proteinuria or any of the other multisystem abnormalities, with onset after the 20 th week of gestation [2] [4] - [6] .
In modern obstetrics, identification of pregnant women with an increased PE risk is an objective of paramount importance. Recognition of sensitive, specific, cost-effective, and easy to perform biomarkers would allow not only detection of women at risk of PE, but it would also allow a close surveillance, a precise PE diagnosis and a timely intervention. Because PE can progress rapidly, it requires prompt intervention that may include observation in a tertiary care setting and termination of pregnancy, either by inducing labor or by Cesarean section, which is the only known cure for this condition [5] - [8] . As it affects multiple organs, no single, specific and cost-effective marker to predict PE has yet been proposed [9] . However, several models have been suggested but are found to be not clinically relevant [10] - [12] .
Platelet indices [platelet count (PC), mean platelet volume (MPV) and platelet distribution width (PDW)] constitute part of the data detectable by complete blood count (CBC) test. Applicability of these indices for the clinical and pathophysiological understanding of vascular diseases, including PE, has been investigated but their value has not yet been fully substantiated [13] [14] .
A decreasing PC is observed during the progression of PE, and is suggested to be a characteristic of worsening PE [9] . This PC decline returns rapidly to its normal range after delivery. It has also been noted that MPV increases during pregnancy, and is higher in women with PE. Increased MPV occurs before onset of PE symptoms. Therefore, it may be a valuable marker for development of PE [13] - [15] . Furthermore, it has been suggested that PDW can be a practical tool to evaluate activation of coagulation or thrombocytosis-related disease [16] .
The aim of this study was, therefore, to assess whether changes in platelet indices, detectable on CBC during pregnancy could be used as markers for prediction of development of PE.
Subjects and Methods

Study Design
This was an observational longitudinal study of women attending antenatal clinic (ANC) and/or admitted to maternity ward at Zagazig University Hospital (ZUH), Zagazig, Egypt over the period from 2 nd June 2014 to 28 th May 2015. The study protocol was approved by ZUH Ethics Committee. Participating women were counselled, a clear explanation of the intervention was given, and a written informed consent was then obtained from all of them.
Inclusion Criteria
Healthy normotensive pregnant women at ≥20 weeks gestation with a live singleton fetus were eligible and approached for recruitment.
Exclusion Criteria
Women with the following conditions were ineligible and excluded: multiple pregnancy, morbid obesity [body mass index (BMI) ≥ 40 Kg/m 2 ], intra-uterine fetal death (IUFD),poor past obstetric history [recurrent miscarriage, PE, pre-term labor, intrauterine growth restriction (IUGR-estimated fetal weight (EFW) < 10 th percentile for gestational age), IUFD, or neo-natal death], or currently suffering from a systemic disease (hypertension, gestational or insulin-dependent diabetes, heart disease, renal or hepatic dysfunction).
Intervention
During the enrolment ANC visit at ≥20 weeks gestation, past medical, surgical and obstetric history was re-viewed, general and abdominal examinations were carried out, fetal heart rate was checked, and findings were recorded. Routine investigations, including CBC and urinalysis, were arranged.
In women with prior regular periods, gestational age was estimated from the date of last menstrual period. Otherwise, gestational age was estimated from early ultrasound scan (USS) at 7 weeks gestation. Gestational age was verified by the 13 th week USS. Fetal anomaly USS was arranged at around 20 weeks' gestation. Normotensive women were then reviewed as per the routine antenatal clinic protocol where they attended every 4 weeks until 28 weeks gestation, every 2 weeks until 36 weeks gestation then weekly thereafter until delivery. Those who developed PE without severe features were seen more often while participants who showed severe features of PE were admitted to the maternity ward.
PE was defined as a blood pressure of ≥140/90 mmHg, with proteinuria (≥300 mg/24 hours urine collection, or ≥1+ on a urine dipstick), or any of the severe features of PE at ≥20 weeks gestation. Severe features of PE included any of the following findings: hypertension: systolic ≥160 or diastolic ≥110 on two occasions at least 4 hours apart while the patient is on bed rest (unless antihypertensive therapy is initiated before this time), newonset cerebral or visual disturbances, pulmonary edema, thrombocytopenia (PC < 100 × 10 3 /mm 3 ), impaired liver function (elevated blood levels of liver transaminases to twice the normal concentration), severe persistent right upper quadrant or epigastric pain unresponsive to medication and not accounted for by alternative diagnoses, or both, new development of renal insufficiency (elevated serum creatinine greater than 1.1 mg/dL, or doubling of serum creatinine in the absence of other renal disease) [17] . The mean arterial pressure (MAP) was calculated using the following formula: MAP = [(2diastolic blood pressure) + systolic blood pressure]/3 [2] [9] .
In normotensive pregnancy and in PE without severe features, a blood sample for CBC was taken at each clinic visit, while in PE with severe features; CBC was performed once or, sometimes, twice daily. Using EDTA samples tubes (5 mL), venous blood samples were drawn from all participants. Samples were processed within two hours after venepuncture. Automated blood counter Cell-Dyn, 4000 (Abbott Diagnostics, Santa Clara, CA, USA) was used, after calibration, to assess CBC parameters including platelet indices (PC, MPV and PDW).
The primary outcome was to determine the correlation -if any, between changes in selected platelet indices during pregnancy on one hand and development of PE on the other hand.
Statistical Analysis
Data analysis was carried out using Statistical Package for Social Sciences version 20.0 (SPSS, Statistics for Windows, IBM Corp, Armonk, NY, USA). The mean and standard deviation (SD) were used to express the data values. Statistical significance was determined using multiple comparisons between the three groups performed by a one-way ANOVA (analysis of variance) supplemented with the post hoc LSD test. Paired quantitative continuous data were compared using paired t test. Receiver operating characteristic (ROC) curve was plotted for PC, MPV and PDW. Based on calculations of sensitivity and specificity for cut-off value of the three platelet indices, the area under curve (AUC) for each of them was determined. The largest AUC is associated with the best parameter (marker) for PE development [18] . p < 0.05 was considered statistically significant. The strength of the association between changes in each one of the three studied platelet indices and MAP was estimated using the Pearson correlation coefficient (r). The parameter with the most statistically significant correlation with MAP is the best marker of predicting severity of hypertension.
Results
During the study period, 2859 attendants met the inclusion criteria. However, only 2813 were included in the final analysis. Figure 1 represents the flow chart of recruitment.
Demographic and baseline characteristics of all participants are shown in Table 1 . With the exception of gravidity which showed statistically significant difference between participants in all groups (p = 0.004), the three groups were similar in all characteristics that were recorded. Table 2 shows comparisons between changes in PC, MPV and PDW in the three study groups.With the exception of few patients in the group of PE with severe features who developed thrombocytopenia, participants in all groups had a normal PC, but it showed continuous decrease over the course of pregnancy starting from 24 -28 weeks gestation onwards. This change was more pronounced in PE without severe features than normotensive pregnancy and in PE with severe features than PE without severe features (p = 0.00). Changes in platelet indices were predictive of PE development with onset of PE diagnosis at 30 -32 weeks gestation. As such, these changes in women with PE predated development of disorder by 2 -8 weeks.
Compared to baseline values, MPV and PDW in participants in all groups showed continuous increase over the course of pregnancy starting from 24 -28 weeks gestation onwards. This change was more pronounced in PE without severe features than normotensive pregnancy and in PE with severe features than PE without severe features (p = 0.00). Figure 2 shows the ROC curve of platelet indices in the two PE groups (with and without severe features) which identifies the optimal cut-off level for prediction of development of PE. PDW was seen to have the largest AUC (0.980 (95% CI: 0.964 -1.000), making it the best parameter (marker) for predicting PE development. Figure 3 shows correlation between MAP (mmHg) and platelet indices. In women with PE (with and without severe features), PC was shown to have a negative correlation with MAP, whereas MPV and PDW showed positive correlations. These changes were also proportional to changes in MAP. Amongst the evaluated platelet indices, PDW was observed to have the most statistically significant correlation with MAP** (r = 0.902, p = 0.000), making it the best marker for predicting severity of hypertension. Table 3 shows comparisons between the diagnostic values of the selected platelet indices of participants in the three study groups. 
Discussion
Preeclampsia continues to be a major cause of maternal and fetal morbidity and mortality, as it is associated with a high risk of IUGR, preterm delivery, placental abruption, …etc. [19] - [28] . Furthermore, there is a concern about the long-term consequences of PE, as women who experience this disorder represent a high-risk group for subsequent premature cardiovascular, cerebrovascular, peripheral arterial diseases and other chronic illnesses later in life [19] [22] [29] - [33] . Early onset PE, which requires delivery before 34 weeks gestation is the clinical form that largely contributes to these increased risks [19] . Changes in PC noted in this study are in agreement with those reported by other researchers [9] [34]- [36] . Inter-group analysis in this study revealed that changes in MPV values in PE-developing women (with and without severe features) were statistically more significant than normotensive pregnant women and this change was noted to start from the 24 th gestational week up to time of delivery (p = 0.003). In the two PE groups, onset of diagnosis was at 30 -32 weeks gestation, and significant MPV increase was noted to precede development of PE by approximately 2 -8 weeks.
In this study, ROC curve analysis of changes of MPV value at 24 -28 weeks gestation, produced a MPV > 9.5 fL as optimal cut-off for the prediction of PE development. This cut-off level had an AUC of 0.940 (95% CI: 0.861 -1.000), a sensitivity of 92.6 % and a specificity of 87.0 % for prediction of PE development. Women with MPV > 9.5 fL at 24 -28 weeks gestation were more than eight times at risk of PE development (RR: 8.41; 95% CI: 2.88 -24.92). Also, in women with PE, MPV was noted to have a positive correlation with MAP, and MPV increase was proportional to the increase in MAP (r = 0.475; p = 0.000); making MPV a possible modest marker for prediction of severity of hypertension. This is in agreement with what was concluded by other investigators [9] [33] .
Validity of changes in MPV in predicting PE has been extensively investigated. Dundar et al., in a previous large longitudinal study suggested that increase of MPV may precede development of PE symptoms by approximately 4.6 weeks (range 2.8 -5.9 weeks) [13] . They suggested that sensitivity and specificity of MPV value at 24 -28 gestational weeks with a cut-off value of 8.5 fL for predicting PE development were 78% and 86%, respectively. Accordingly, they concluded that women with MPV > 8.5 fL at 24 -28 weeks were almost three times at risk of PE development (OR: 2.83). In the light of these results, they suggested that serial MPV monitoring may assist obstetricians and other healthcare givers in predicting development of PE. Similarly, Järemo et al. confirmed that women with high MPV in the second trimester of pregnancy had an increased risk of developing PE later on during pregnancy [14] . They suggested that MPV stands as a marker for prediction of PE development. Furthermore, Gioia et al. proposed that a MPV cut-off value ≥ 10 fL may be considered as a further significant parameter that is able to predict unfavourable neonatal outcome in women affected by altered uterine artery Doppler velocimetry [37] .
In the two PE groups in this study, onset of diagnosis using changes in PDW started at 30 -32 weeks gestation, and significant PDW increase was noted to precede development of PE by approximately 2 -8 weeks. Our results are in agreement with those of previous studies [9] [35] [36] .
In this study, ROC curve analysis of changes of PDW values at 24 -28 weeks gestation produced a PDW> 19.9 as optimal cut-off for the prediction of PE development. This cut-off level had an AUC of 0.980 (95% CI: 0.964 -1.000), a sensitivity of 96.3% and a specificity of 91.3% for prediction of PE development. Women with PDW > 19.9 at 24 -28 weeks gestation were more than 13 times at risk of PE development (RR: 13.36; 95% CI: 3.5 -50.96). Also, in women with PE, PDW was noted to have a positive correlation with MAP, and PDW increase was proportional to the increase in MAP (r = −0.902; p = 0.000); making PDW the best potential marker for prediction of severity of hypertension.
However, Yang et al. identified a PDW value of >13.5 as the optimal cut-off level for the prediction of PE severity [9] . They noted that this value had an AUC of 0.74, a sensitivity of 72% and a specificity of 71%. Also, they reported that only PDW had a statistically significant correlation with MAP (r = 0.231, p = 0.011) and, accordingly, they concluded that PDW was the best PE marker. Similarly, Freitas et al., identified a PDW value of >18.3 as the optimal cut-off level for the prediction of PE [35] . They noted that this value had an AUC of 0.77 (95% CI: 0.66 -0.85), a sensitivity of 55.17% and a specificity of 86.21%. Also, they reported that only PDW had a statistically significant correlation with MAP (r = 0.231, p = 0.011).
Conflicting results have been published regarding changes in platelet indices in normotensive pregnancies and PE. Some investigators found no difference in values of these indices between PE and controls [15] [38] , whereas others demonstrated lower PC and higher MPV and PDW in PE [9] [13] [14] [16] . It is suggested that the major reason for the inconsistency between these studies is probably the method of measurement of these platelet indices. Measurements performed in EDTA change in a time-dependent manner. Also, different systems used in measurement can yield different results, and this difference may reach up to 40% [15] .
The strengths of this study are worth mentioning. All blood samples for CBC assessment were processed within two hours after venepuncture. Assessments were carried out using the same anticoagulant and the same automated counter. The large numbers of recruited participants as well as enrolment of women early in pregnancy give further credit to our conclusions.
Conclusion
This study provides evidence that PC decreases while MPV and PDW increase as pregnancy advances, and these changes are more pronounced in PE than normotensive pregnancy. Changes in platelet indices predate development of PE by 2 -8 weeks and are proportional to the progress of this disorder. The selected platelet indices, especially PDW, have the potential to be utilized as markers for not only prediction of PE development but also severity of hypertension.
